Basal cells are by definition located on the basolateral side of several epithelia, and they have never been observed reaching the lumen. Using high-resolution 3D confocal imaging, we report that basal cells extend long and slender cytoplasmic projections that not only reach toward the lumen but can cross the tight junction barrier in some epithelia of the male reproductive and respiratory tracts. In this way, the basal cell plasma membrane is exposed to the luminal environment. In the epididymis, in which luminal acidification is crucial for sperm maturation and storage, these projections contain the angiotensin II type 2 receptor (AGTR2). Activation of AGTR2 by luminal angiotensin II, increases proton secretion by adjacent clear cells, which are devoid of AGTR2. We propose a paradigm in which basal cells scan and sense the luminal environment of pseudostratified epithelia and modulate epithelial function by a mechanism involving crosstalk with other epithelial cells.
INTRODUCTION
Epithelial cells have developed complex mechanisms that allow them to detect both apical and basolateral stimuli, and modulate their function in response to physiological demands. The different cell types that comprise specific epithelia must work in a concerted manner to coordinate their barrier function. Previous studies have largely focused on the morphologically dominant epithelial cells in several tissues, whereas basal cells that are nestled beneath these epithelial cells have remained mostly enigmatic. These cells were believed to be restricted to the basal region of pseudostratified epithelia where they may function as stem cells (Ford and Terzaghi-Howe, 1992; Hajj et al., 2007; Ihrler et al., 2002; Lavker et al., 2004; Leung et al., 2007; Rizzo et al., 2005) and participate in basolateral signaling (Evans et al., 2001; Hermo and Robaire, 2002; Ihrler et al., 2002; Leung et al., 2004; van Leenders and Schalken, 2003) . We now show that, in contrast to the prevailing view, basal cells of the upper respiratory tract and the male reproductive tract (epididymis and coagulating gland) extend slender cytoplasmic projections that cross the tight junction (TJ) barrier and reach the epithelial lumen.
The epididymal epithelium, which connects the testis to the vas deferens, forms a tight blood/epididymis barrier and establishes an optimal luminal environment for the maturation and storage of spermatozoa (Hermo and Robaire, 2002; Hinton and Palladino, 1995) . Male fertility is partially regulated via the renin-angiotensin system (RAS) located in the tubule lumen (Hagaman et al., 1998; Krege et al., 1995; Leung and Sernia, 2003) . Both angiotensin II (ANGII) type 1 and type 2 receptors (AGTR1 and AGTR2) are expressed in the epididymal epithelium (Leung et al., 1997; Leung and Sernia, 2003; Saez et al., 2004) . In the kidney collecting duct, which bears a striking functional and cellular resemblance to the epididymal tubule, ANGII increases proton secretion in specialized intercalated cells (Pech et al., 2008; Rothenberger et al., 2007) . Similar cells, called clear cells, are also present in the epididymis where they are responsible for luminal acidification (Breton et al., 1996; Brown et al., 1992) , which is essential for keeping sperm dormant during maturation and storage (Hinton and Palladino, 1995; Pastor-Soler et al., 2005) . In this study, we found that basal cells are the only cells that express AGTR2. These cells contact the lumen of the epithelium where they interact with ANGII. We provide evidence that they then report their findings to neighboring clear cells, which respond by increasing luminal acidification. This process of luminal sampling by so-called basal cells is a novel mechanism for hormonal signaling that might also be generally applicable to other pseudostratified epithelia, including the respiratory tract.
RESULTS

Basal Cells Send Long, Slender Cytoplasmic Projections toward the Lumen
Epididymis sections from rat (16 mm) were labeled for COX1, a marker of basal cells (Leung et al., 2004) . While a dense network of basal cells is located at the base of the epithelium confirming previous reports (Clermont and Flannery, 1970; Veri et al., 1993; Yeung et al., 1994) , many basal cells exhibit a narrow body extension that infiltrates between other epithelial cells toward the lumen ( Figure 1A , arrows). This was confirmed using 3D reconstructions from a z-series of confocal images ( Figure 1B and Movie S1 available with this article online). The probability of observing these slender structures in thinner sections, which are more commonly used for staining, and in ultrathin sections used for electron microscopy is low, probably explaining why they have not been described extensively in previous publications. Figure 1C shows an oblique section stained for claudin-1 (Cldn1, green), another marker of basal cells (Gregory et al., 2001) . Numerous projections, positive for Cldn1, are seen between epithelial cells (arrows). Cldn1 is also present at lower levels in the lateral membrane of principal cells (Gregory et al., 2001) , but this was not seen under conditions used in the present study. We did, however, detect basolateral Cldn1 in principal cells using higher concentrations of antibodies (data not shown). The panel C inset shows two basal cells double-stained for COX1 (red) and Cldn1 (green) that extend their narrow body toward the lumen. This result was confirmed by 3D reconstruction ( Figure 1D and Movie S2).
A quantitative analysis was performed to determine the number of basal cells reaching the apical pole of the epithelium (defined as the region located above the nuclei of adjacent epithelial cells). Basal cells that projected all the way to the apical border of the epithelium were also counted (Figures 1F). These numbers were normalized for the total number of basal cell nuclei ( Figure 1E ). Individual epididymis regions and the proximal vas deferens (VD) were analyzed separately. While very few basal cells reached the lumen in the proximal regions, the frequency of events progressively increased toward the distal regions, reaching a maximum in the distal corpus and proximal cauda. (E) Quantification of the total number of basal cells in different regions of the epididymis and the proximal vas deferens. Data are represented as mean ± SEM. No significant differences were detected between the regions. pIS, proximal initial segment; dIS, distal initial segment; Inter-zone, intermediate zone; pCPT, proximal caput; dCPT, distal caput; pCPS, proximal corpus; mCPS, middle corpus; dCPS, distal corpus; pCD, proximal cauda; mCD, middle cauda; dCD, distal cauda; VD, proximal vas deferens. In the distal cauda and in the vas deferens, fewer basal cells reached the lumen.
Rat trachea sections (16 mm) were labeled for COX1 (red) and tubulin (green), a marker of airway ciliated cells ( Figure 1G ). Similarly to the epididymis, some COX1-positive basal cells exhibit a slender projection that extends toward the lumen (arrow). This was confirmed by 3D reconstruction of sections doublestained for ZO1 (green) and COX1 (red) ( Figure 1H and Movie S3). While the ZO1-labeled tight junctions (TJs) located at the corner between three epithelial cells (tricellular corners) are closed, the TJ located adjacent to the basal cell apical region is partially open. Basal cells with long cytoplasmic projections in contact with the epithelial apical border were also detected in the larynx (data not shown). Figure 1I shows that the rat coagulating gland, a tissue morphologically and physiologically analogous to the middle lobe of the human prostate (Price, 1963; Wei et al., 1997) , also contains numerous basal cells (stained for COX1 in green; arrows) that send a narrow body projection toward the lumen. The inset is a higher magnification differential interference contrast (DIC) image of a COX1-stained basal cell (green) reaching the luminal border between adjacent epithelial cells (arrows). A dense network of basal cells was also detected in human epididymis stained for Cldn1 ( Figure 1J ). Importantly, some basal cell extensions were detected even on ''thin'' 5 mm sections, indicating that these cells have the capacity to reach the lumen in humans also. 
Basal Cells Cross TJs to Reach the Lumen
While basal cells were shown to extend processes between epithelial cells, they were never described to have direct access to the lumen (Evans et al., 2001; Hermo and Robaire, 2002; Robaire and Viger, 1995; van Leenders and Schalken, 2003; Veri et al., 1993) . To determine whether basal cells can cross the TJ barrier, double labeling for Cldn1 and ZO1 was performed on rat epididymis. Basal cells preferentially reach TJs at the tripartite junction between other epithelial cells ( Figure 2E shows one cell that crosses the TJ barrier (arrow; see also Movie S7). Figure 2F shows one cell that has penetrated the epithelium beyond the TJ barrier and has established contact with adjacent principal cells (arrows and Movie S8; this cell is also shown in Figure 2B ). In the trachea, similar patterns of interaction between basal cells and TJs were also seen (see Figure 1H and Movie S3).
The contact of basal cells with the epididymal lumen was further demonstrated with a marker of principal cell apical stereocilia (F-actin). 3D reconstruction clearly showed that basal cells, stained for Cldn1 (green) but negative for F-actin (arrow), reach the luminal side between principal cells, which are heavily labeled for F-actin ( Figure 2G ; see also Movie S9). The luminal contact of this basal cell is apparent only on panels showing rotations around the x axis (Figures 2G'' and 2G'''), and is not visible on the XY image shown in Figure 2G '. This is due to the presence of long stereocilia in adjacent principal cells, which mask the small apical pole of the basal cell. The apical surface of a cutopen epididymal tubule was visualized by DIC coupled to Cldn1 labeling (green) ( Figure 2H ). While most tripartite cell junctions are closed (arrows), one corner is occupied by a Cldn1-positive basal cell, which has established contact with the lumen.
Functional Role of Epididymal Basal Cells
We then examined the potential role of the basal cell extensions. Can these structures scan the lumen for the presence of biological factors? To test this hypothesis, we examined the expression of hormone receptors in these cells. Because luminally located RAS is an important contributor to male fertility, we examined the expression of ANGII receptors in the epididymal epithelium. Basal Cells Express AGTR2 Double-labeling for the proton-pumping V-ATPase (red), located in the apical pole of clear cells ( Figure 3A ; arrowheads), and AGTR2 (green) showed that AGTR2 is exclusively expressed in basal cells (arrows). This is in agreement with previous studies showing AGTR2 in the basal region of the epithelium, although the cell type expressing AGTR2 was not identified (Leung et al., 1997) . AGTR2 staining was abolished when the antibody was preabsorbed with the immunizing peptide (10-fold excess; Figure 3B ). Western blots of rat epididymis showed two bands, one at about 44 kDa, the expected molecular weight of AGTR2, and a second at about 88 kDa ( Figure 3C ; arrows). Both bands were abolished by preincubation of antibody with its peptide (data not shown). The higher molecular weight band is twice the molecular weight of AGTR2, indicating potential dimerization of AGTR2, as reported for other G protein coupled receptors (Bulenger et al., 2005; Parnot and Kobilka, 2004; Skrabanek et al., 2007) . 3D reconstruction ( Figure 3D ) confirmed that AGTR2 is expressed in basal cells (arrows and Movie S10). Two clear cells stained at their apical pole for the V-ATPase (arrowheads), but negative for AGTR2, are located close to basal cells. The absence of AGTR2 from clear cells was further confirmed by RT-PCR using B1-EGFP transgenic mice in which enhanced GFP is expressed only in clear cells (Miller et al., 2005) . Clear cells isolated by fluorescence activated cell sorting (FACS) were compared to GFP-negative cells, i.e., all other cell types in the epididymis. Whereas a positive signal was obtained using primer sets spanning the coding region of agtr2 in nonclear cells ( Figure 3E : GFP-) no signal was detected in clear cells (GFP+) . The identity of the PCR product was confirmed by direct sequencing (data not shown). Basal Cells Sense Luminal ANGII and Regulate Clear Cells via AGTR2 In the kidney, ANGII stimulates proton secretion by intercalated cells (Pech et al., 2008; Rothenberger et al., 2007) , which resemble epididymal clear cells . The expression of AGTR2 exclusively in basal cells raised the possibility that these cells might regulate proton secretion by clear cells, following sampling of luminal ANGII. We previously showed that V-ATPase apical membrane accumulation and extension of microvilli in clear cells correlate with proton secretion (Beaulieu Rat cauda epididymides were perfused luminally in vivo with phosphate-buffered saline (pH 6.6). Under these control conditions, clear cell V-ATPases are distributed between short microvilli and subapical vesicles ( Figure 4A ). Addition of ANGII (0.1 and 1 mM) to the luminal perfusate significantly increased the extension of V-ATPase-labeled microvilli to 141 ± 4% and 153 ± 7% versus control, respectively (Figures 4B-4D) . Immunogold electron microscopy confirmed this accumulation of V-ATPase in apical microvilli (Figures 4E-4G ). ANGII induced a significant increase in the density of V-ATPase molecules in microvilli (G: Gold/mm apical membrane). Because numerous and longer microvilli were observed in clear cells exposed to ANGII, the total number of V-ATPase molecules located at the cell surface was further amplified compared to control (G: Gold/mm cell width).
The effect of ANGII on proton secretion was examined in cutopen proximal VD ( Figure 4H ), a tissue that also contains clear and basal cells, using an extracellular proton-selective microelectrode Breton et al., 1996) . After a control period during which stable proton secretion was recorded, ANGII was added to the bath. After a rapid and transient rise due to disturbance of the proton gradient, proton secretion showed a sustained increase. Addition of the V-ATPase inhibitor concanamycin A markedly inhibited proton secretion. For each VD, both the control value (prior to addition of ANGII) and the ANGII value (30 min after its addition) were corrected for the value measured after addition of concanamycin A. On average, ANGII caused a significant increase of concanamycin-sensitive proton secretion of 68% compared to control ( Figure 4I ). Preincubation of the tissue with concanamycin A for 10 min prevented the response to ANGII (data not shown).
Losartan, an AGTR1 antagonist, had no inhibitory effect on ANGII-induced V-ATPase apical accumulation ( Figures 5C and  5D ). However the AGTR2 antagonist, PD123319, prevented the stimulatory effect of ANGII on clear cells (Figures 5B and 5D ). These results are consistent with participation of AGTR2 in the regulation of clear cell-dependent luminal acidification. Nitric oxide (NO) is the downstream effector of AGTR2 activation (Carey, 2005; Toda et al., 2007) . p-cpt-cGMP, a cell-permeable analog of cGMP, or sodium nitroprusside (SNP), a NO-donor, induced a significant elongation of V-ATPase-rich microvilli, compared to control ( Figures 6A and 6C) . Pretreatment with the soluble guanylate cyclase (sGC) inhibitor ODQ, or the NO synthase (NOS) inhibitor L-NAME, completely abolished ANGII-induced V-ATPase apical accumulation ( Figures 6B and  6C) . Immunofluorescence labeling showed a strong staining for the b 1 subunit of sGC (b1-sGC) in the basolateral membrane and apical region of clear cells ( Figure 6D : green), identified by apical staining for the V-ATPase (red; arrows). Specificity of the antibody was confirmed by Western blot and immunofluorescence using antibody that had been preabsorbed with b 1 -sGC peptide ( Figures 6E and 6F ). 
DISCUSSION
The present study provides evidence that narrow projections emanating from so-called basal cells can actually reach the luminal side of an epithelium. This previously unrecognized property of basal cells was observed in several tissues located in the male reproductive tract and upper respiratory tract, indicating that it is a widespread phenomenon that could have general significance to the biology of pseudostratified epithelia.
In the trachea, two types of basal cells have been described: the so-called basal cells, which appear to nestle beneath columnar epithelial cells, and tall basal cells, which extend processes between other epithelial cells (Evans et al., 2001) . Further studies will be required to determine whether these two morphological features are associated with different degrees of body extension in the same population of basal cells, or whether they truly represent two distinct cell populations. Nevertheless, the property of basal cells to reach the luminal border of the epithelium now places these cells in a position to survey foreign pathogenic and allergenic substances that constantly invade the upper respiratory tract.
Two distinct tissues of the male reproductive tract have basal cells that contact the luminal milieu: the coagulating gland and the epididymis. Interestingly, the coagulating gland in rodents is analogous to the middle lobe of the human prostate (Price, 1963; Wei et al., 1997) . The notion that basal cells can reach the prostate lumen will have significant repercussions for our understanding of the (patho)physiology of this important organ. Numerous basal cells reaching toward the lumen were also observed in the rat and human epididymis, indicating that luminal epididymal sampling by basal cells occurs across species.
Basal Cells Cross the TJ Barrier
In the epididymis, we showed that basal cells can cross the blood/epididymis barrier while preserving its integrity. They do so by establishing a new TJ between themselves and adjacent epithelial cells. While sending their body projections toward the lumen, basal cells often seem to ''stop short'' just beneath the TJs of the epithelium. While virtually no such cells were detected in the proximal regions, the number of basal cells reaching the luminal border dramatically increased in the distal corpus and proximal cauda. This indicates that the capacity of basal cells to reach the lumen is a property that is locally regulated in different regions of the epididymis. A fraction of the total number of basal cells could be seen crossing the TJs at one given time in still images, indicating a potential dynamic interplay between these cells and the epithelium. Thus, basal cells may ''come and go'' to and from the lumen, and the establishment of a new TJ between basal cells and epithelial cells, in addition to being dynamic, may be temporary. The time required for a leukocyte to cross the TJ barrier of endothelia is less than 2 min (Stein et al., 1997) , and it is conceivable that basal cells might modulate the epididymal barrier in a shorter time frame. The signal responsible for inducing basal cells to interact with and cross the TJ barrier remains unclear.
Interestingly, basal cells always reached TJs at the regions where three epithelial cells intersect (tricellular corners), a feature also described for neutrophils crossing endothelial barriers (Burns et al., 2000) . Most remarkably, basal cells can actually open up and cross these TJs. The continuous ZO1 labeling in the region of contact between these cells and adjacent epithelial cells suggests that new TJs had been established. High expression of Cldn1 in epididymal basal cells (this study and (Gregory et al., 2001) ), as well as in principal cells, at lower levels (Gregory et al., 2001 ) might provide a molecular ''grip'' by which basal cells extend projections toward the lumen. Cldn1 forms pairs not only with itself, but also with other claudins, including Cldn3 and Cldn4 (Schneeberger and Lynch, 2004) , which are expressed in epididymal TJs (Gregory and Cyr, 2006) . This might contribute to the formation of a new TJ between the penetrating basal cell and adjacent epithelial cells. TJ strands constantly form and reform, without disturbing their barrier function (Schneeberger and Lynch, 2004) . This remodeling allows migration of leukocytes across endothelia (Burns et al., 2000) , as well as penetration of dendritic cells, which also express Cldn1, across the intestinal epithelium (Niess et al., 2005; Rescigno et al., 2001 ) and the upper respiratory tract (Takano et al., 2005) .
Basal Cells Are Luminal Hormone Sensors
The present study also shows that activation of AGTR2 by luminal ANGII stimulates proton secretion by epididymal clear cells via activation of the NO/cGMP pathway. NO is a downstream effector of AGTR2 and because basal cells are the only cell type in which this receptor is expressed, they are the likely site for ANGII-induced NO production. However, determination of the exact cellular origin of NO following AGTR2 activation will require novel tools and animal models for the measurement of NO in single basal cells. A schematic view of our current cellcell crosstalk model for activation of proton secretion in clear cells following AGTR2 stimulation in basal cells is illustrated in Figure 7 . Consistent with this model, endothelial NO synthases (eNOS) have been detected in basal-like cells in human and bovine epididymis (Mewe et al., 2006; Zini et al., 1996) . Sampling of luminal ANGII by basal cells followed by activation of proton secretion by clear cells would ensure that the luminal fluid is maintained at its physiological acidic pH. Crosstalk between basal and principal cells has also been proposed to modulate anion secretion by principal cells in response to basolateral lysylbradykinin (Cheung et al., 2005; Leung et al., 2004) .
Basolateral stimulation of AGTR1 by ANGII activates anion secretion in cultured principal cells (Leung et al., 1997; Leung and Sernia, 2003) , and we now show that the epididymis can respond to luminal ANGII. In agreement with our study, recent reports showed that ANGII increases V-ATPase-dependent proton extrusion by renal intercalated cells (Pech et al., 2008; Rothenberger et al., 2007) , which are analogous to clear cells . We have previously shown that cAMP elevation following activation of the bicarbonate sensitive soluble adenylyl cyclase (sAC) and PKA, induced apical accumulation of the V-ATPase into welldeveloped microvilli in clear cells (Pastor-Soler et al., 2003 ). The present study shows that cGMP can also activate V-ATPase-dependent luminal acidification; the mechanism by which this occurs is the subject of ongoing work.
Spermatozoa require an acidic environment to prevent their premature activation during maturation and storage in the epididymis (Hinton and Palladino, 1995; Jones and Murdoch, 1996; Pastor-Soler et al., 2005) . However, the mechanisms by which spermatozoa interact with epithelial cells of the epididymal tubule remain, for the most part, unknown. In ACE KO mice, absence of the germinal form of ACE (gACE) induces a marked reduction in the quality of sperm, which are unable to fertilize an egg (Esther et al., 1996; Hagaman et al., 1998; Krege et al., 1995) . gACE, which is linked to the sperm membrane (Kondoh et al., 2005) , is shed from the sperm surface as they mature in the epididymis (Gatti et al., 1999) , providing a potential means by which spermatozoa communicate with surrounding epithelial cells. The lack of luminal ANGII in ACE KO male mice might impair the acidifying capacity of the epididymis with detrimental consequences on sperm quality. Indeed, FOXI-1 KO male mice, which have impaired luminal acidification, are also infertile due to sperm inability to fertilize an egg (Blomqvist et al., 2006) . Thus, the concerted interaction between sperm, basal cells and clear cells might represent a complex process by which the epididymal epithelium establishes and modulates the appropriate luminal environment for the maturation and storage of sperm.
While we have focused on the regulation of luminal acidification in the male reproductive tract, we propose that sensing and signaling by transepithelial basal cells represents a novel mechanism of cellular crosstalk and functional regulation in pseudostratified epithelia.
SUMMARY
Here, we show that basal cells project slender body extensions that reach the luminal border of pseudostratified epithelia. In the male reproductive tract, basal cells cross the blood/epididymis barrier to monitor luminal factors. We also provide evidence for the presence of a novel crosstalk between basal cells and clear cells to control V-ATPase-dependent proton secretion, a process that is crucial for maintaining sperm quiescent during their maturation and storage in the epididymis. Luminal sampling by basal cells has not been recognized previously and will pro- vide a new framework for future studies aimed at unraveling the cellular mechanisms by which epithelia respond to luminal stimuli.
EXPERIMENTAL PROCEDURES Tissue Fixation and Preparation
Adult male Sprague Dawley rats (Charles River Labs, Wilmington, MA) were anesthetized with nembutal (60 mg/kg, i.p.). The male reproductive and upper respiratory tracts were fixed by perfusion through the left ventricle with paraformaldehyde-lysine-periodate (PLP) fixative, as described previously (Pastor-Soler et al., 2003) . All procedures were approved by the Massachusetts General Hospital Institutional Committee on Research Animal Use.
In Vivo Microperfusion
Rats were anesthetized and the cauda epididymidis was luminally perfused in vivo, harvested and fixed in PLP, as described previously Pastor-Soler et al., 2003; Wong and Yeung, 1978) .
Immunofluorescence
Immunofluorescence labeling was performed on cryostat sections, as described previously Pastor-Soler et al., 2003) . Primary antibodies, the AGTR2 peptide and secondary antibodies used are listed in supplementary material. Slides were mounted in Vectashield (Vector Labs, Burlingame, CA) with or without DAPI. For confocal microscopy, nuclei were stained using TOPRO-3 iodide (Invitrogen, Carlsbad, CA). Immunostained sections were examined using a Nikon E800 microscope (Nikon Instruments, Melville, NY). Digital images were acquired with IPLab Spectrum software (Scanalytics, Fairfax, VA) and imported into Adobe Photoshop. Sections were also examined using a Zeiss Radiance 2000 confocal microscope (Zeiss Laboratories). Z-series (0.1 mm interval) were imported into Volocity software (Improvision Inc., version 4.1) for 3D reconstruction and final animations were exported as Quicktime movies.
Quantification of V-ATPase Apical Membrane Accumulation in Clear Cells
The level of accumulation of V-ATPase in clear cell microvilli was quantified using IPLab software as described previously PastorSoler et al., 2003) . 10 mm sections of microperfused cauda epididymidis were immunostained under identical conditions, and confocal images were acquired using the same parameters. The segmentation procedure of IPLab was used to measure the area of V-ATPase-positive microvilli, which was normalized against the length of apical pole of each cell Pastor-Soler et al., 2003) . At least three epididymides from different animals were perfused for each condition, and a minimum of 10 cells/tissue were examined for a total of at least 30 cells/condition.
Immunogold Electron Microscopy and Quantification of Gold Labeling
Pieces of PLP-fixed epididymis were embedded at À45 C using HM20 resin (Electron Microscopy Sciences, Hatfield, PA) in a Leica EM AFS, and ultrathin sections were cut, as described previously (Da Silva et al., 2007; Pastor-Soler et al., 2003) . Sections were immunostained for the V-ATPase A subunit, followed by goat anti-rabbit IgG coupled to 15 nm gold (Ted Pella, Reading, CA). Grids were examined in a JEOL 1011 electron microscope. Images were acquired using an AMT digital imaging system. The number of V-ATPase associated gold particles on the apical membrane and microvilli was counted for each clear cell (Da Silva et al., 2007; PastorSoler et al., 2003) . To determine the density of V-ATPase molecules along the apical membrane, the number of gold particles was divided by the length of apical membrane, including microvilli, of each cell. This value is referred to as ''gold/mm apical membrane.'' To determine the relative density of the V-ATPase at the cell surface, the number of gold particles was normalized for the width of the cell, measured at the base of the microvilli (gold/mm cell width).
Western Blotting
Protein extracts from rat and mouse epididymis were subjected to electrophoresis and western blotting, as described previously Pastor-Soler et al., 2003) .
Isolation of Clear Cells, RNA Extraction, and RT-PCR Epididymides from B1-EGFP transgenic mice (Miller et al., 2005) were digested with trypsin and collagenase. Fluorescence-activated cell sorting (FACS) was used to separate clear cells (GFP-positive) from other cell types (GFP-negative). Total RNA was isolated using the PicoPure RNA Isolation kit (Molecular Devices, Sunnyvale, CA), and RT-PCR was performed as described previously (Isnard-Bagnis et al., 2003) . The primers amplifying a 674 bp fragment of the mouse Agtr2 coding sequence are: attggctttttggacctgtg (MAGTR2-F3) and aaacacactgcggagcttct (MAGTR2-R2). The PCR product was purified with the Qiaquick PCR kit and sequenced by the MGH sequencing core.
Detection of Proton Secretion
The proximal VD was cut open to expose the apical surface of the epithelium and anchored onto a custom-made chamber. Proton secretion was measured using a self-referencing proton-selective electrode, as described previously Breton et al., 1996; Smith et al., 2007) .
Statistical Analysis
The effects of treatments between two groups were determined by paired or unpaired Student's t test when appropriate. Comparisons between multigroups were determined by one-way ANOVA with Bonferroni's post hoc test. All tests were two-tailed and the limit of statistical significance was set at p = 0.05.
SUPPLEMENTAL DATA
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